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In March 1994, a report was issued to the Indiana Department of Environmental
Management after Jim Allen Maintenance, Inc. found levels of total petroleum
hydrocarbons (TPH) exceeding the level appropriate for action (100 parts per million)
during an underground storage tank closure report assessment. Creek Run L.L.C
Environmental Engineering was contracted by Jay Petroleum to complete an initial site
characterization. Through quarterly monitoring of benzene, toluene, ethyl benzene, and
methyl tert-butyl ether for 11 years, Creek Run L.L.C determined that biodegradation
was occurring.
Upon using BIOSCREEN, a contaminant transport modeling software that
simulates natural attenuation over time, it was determined that the retardation factor was
1.4, and the biodegradation rate constant was 4.6 per year. This indicates that the
contaminant migration is slow in comparison to groundwater flow, and the rate of
biodegradation is at an appropriate value to allow natural attenuation to occur on its own.
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INTRODUCTION

1.1

Introduction
Usage of petroleum as an energy source in the United States has increased

exponentially since 1935, where the main employment has been fuel sources (United
States Energy Information Administration, 2011). Subsequently, consuming petroleum
brought forth innovative technology for the development of many items that are used
worldwide. However, with the increase in the employment of petroleum, there was also
increases in sought out crude oil to sustain the demand for these products, which led to
the increase in hazards affecting the environment where petroleum is utilized.
In the United States, petroleum is the most frequent cause of contamination,
whereby soil and ground water are exposed to organic compounds that would otherwise
not be present naturally (Das, 2011; United States Environmental Protection Agency,
2007). Most common is the gradual release of contaminants from underground storage
tanks (Kao, 2006). These contaminants are problematic because benzene, toluene, ethyl
benzene, xylenes, and methyl tert-butyl ether, often found in proximity to service
stations, have been linked to the prevention of protein synthesis, cancer, and respiratory
irritations (Prescott, 1996; Short, 1997; Kaladumo, 1996). Prolonged exposure to these
compounds can ultimately lead to death. Furthermore, these organic compounds are
volatile, or they evaporate at low temperatures, which not only increases the risk of the
1

contaminants being released in the atmosphere, but also increases the risk of ingestion
through respiration, and fire or explosion (Afifi, 2004). Accordingly, a substantial body
of research focused on remediation of these risks has been generated by researchers in
fields of engineering, medicine, and the natural sciences (Stroud, 2007).
1.2

Petroleum Release in Montpelier, Indiana
In Montpelier, Indiana at Pak-A-Sak #5, located at 204 East Huntington Street, a

release was reported by Jim Allen Maintenance, Inc. to the Indiana Department of
Environmental Management (IDEM) in March 1994. This release occurred via
underground storage tank (UST), and was discovered after a backfill sample was
collected from a UST cavity during a UST Closure Assessment conducted by Jim Allen
Maintenance, Inc. Total petroleum hydrocarbons (TPH) exceeded 100 parts per million
(ppm), which is the IDEM level appropriate for action on site. Creek Run L.L.C.
Environmental Engineering (Creek Run) was contracted by Jay Petroleum, the owner of
the Pak-A-Sak, to further investigate and report on the site.
Pak-A-Sak #5 is a gasoline/convenience store located in a commercial/residential
area, and is owned by Jay Petroleum. Ownership of this site by Jay Petroleum began
May 13, 1972, following previous ownership by the Sunoco Oil Company. The former
UST system and current kerosene UST and dispenser were present on site during the time
of purchase by Jay petroleum. According to the Initial Site Characterization reported by
Creek Run in 2003, as of the year 1993 there were four fiberglass reinforced plastic tanks
registered on site, with two 8,000-gallon (30,283.29 L) gasoline USTs and one 6,000gallon (22712.47 L) gasoline UST. In 1998, one 2,000-gallon (7570.824 L) kerosene
2

UST, which existed prior to purchase by Jay Petroleum, was upgraded with fiberglass
lining.
In March 1994, Jim Allen Maintenance, Inc. reported a release to IDEM
following an assessment for a UST closure report. This release was discovered when a
backfill sample was collected from the UST cavity and was found to contain TPH above
100 ppm which is the IDEM action level. Since gasoline and kerosene were the only
products known to be on site, it was clear that the release was from either one of these
UST systems. However, analytical results indicated that methyl tert-butyl ether (MTBE)
was present in groundwater samples, which led to the conclusion that gasoline was
released on site since MTBE is an additive to gasoline. Previously, the UST system that
was present at the time of purchase by Jay Petroleum included three 6000-gallon
(22,712.47 L) gasoline USTs, one 2000-gallon (7570.82 L) UST, one unregistered 550gallon (2081.98 L) UST, three fuel dispensers, and piping. All were removed and
replaced with the current UST system in 1993. The IDEM assigned the release as
incident number 199403537, and as a medium priority.
The site is located in central Indiana, Tipton Till Plain, which is the glaciated area
of Indiana. Eight hundred feet (243.84 m) above mean sea level is where bedrock is
present, and it is composed of Silurian-age carbonates (Gray 1982; Gray 1987). At
depths of 7-123 feet (2.13-37.49 m), below grade, water wells near the site came in
contact with bedrock. Surface soil around the site is classified as Glynwood-BountPewamo, which is level to sloping, moderately well-drained to poorly drained, silty,
loamy, clayey soils that come from glacial till sources (Kluess, 1986).

3

The site is located close to a few sensitive areas that include Montpelier
Elementary and Middle School which is located approximately 825 feet (251.46 m)
south, East Creek located approximately 970 feet (295.66 m) northeast, Salamonie River
located approximately 1,650 feet (502.92 m) north, and Lake Blue Water located
approximately 0.75 mile (1207 m) northeast. Creek Run approximated these sensitive
area distances by inspecting the local topographic map (figure 1.2), and by employing a
drive-by survey around the site. Figure 1.1 shows a map created by Creek Run, and the
map includes, the location of monitor wells that were put in place. It was determined that
subsurface groundwater was impacted by petroleum hydrocarbons, however, the
contaminated backfill was removed from site and, through laboratory analysis, TPH has
not been detected in soil since then. Groundwater flow was determined to flow toward
the west after groundwater elevations were collected on September 5, 2003. Figure 1.3
shows the general topography of the area in addition to the groundwater flow direction.
Through quarterly monitoring of natural attenuation parameters for approximately
10 years, it was observed that electron acceptors were being converted through reduction
reactions over time. In addition, the dissolved oxygen content on site was also decreasing
over time. This led to the conclusion that biodegradation was occurring on site, and a
possibly plan of action could be to allow natural attenuation be the main proponent for
remediation of the petroleum contamination.

4

Map of Area in Montpelier, Indiana Impacted by Petroleum Contamination

(Map used with permission, Creek Run L.L.C. Environmental Engineering)

Figure 1.1

5

Figure 1.2

6

Topographic map of Montpelier, Indiana; developed by USGS

Map created by Creek Run that illustrates the directional flow of groundwater on site

(Map used with permission, Creek Run L.L.C Environmental Engineering)

Figure 1.3
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CHAPTER II
LITERATURE REVIEW

2.1

Organic Contaminants from Petroleum
Organic compounds contain carbon atoms that are predominately bound to

hydrogen, oxygen, and nitrogen atoms (Bruice, 2007, p. 2). However, these carbon
atoms can also form bonds with other atoms like bromine, sulfur, and silicon. The type
of atoms present, in addition to the molecular structure, determine the correct
nomenclature for the particular compound. For clarity, the focus will be upon
hydrocarbon compounds, or those containing only carbon and hydrogen atoms
incorporated in the molecular structure (Bruice, 2007, p. 71). These compounds can have
many different structural geometries, and physical and chemical properties depending on
the electronics that exist within the structure (Carey, 2007; Fleming, 2009). For example,
in figure 2.1 are examples of three different compounds (ethane, ethylene, and acetylene)
that only differ in the type of bond between two carbon atoms, and the amount of
hydrogen atoms bound to each carbon atom. Their different structures influence the
physical properties and reactivity of each compound. Understanding the
structure/reactivity relationships can aid in understanding the complexities of petroleum
contamination, especially since petroleum consists of many different types of chemical
compounds.
8

Figure 2.1

Structures of ethane, ethylene, and acetylene

Carbons are not shown but are illustrated at the point in which lines meet. All of these
structures have two carbons.
Ethane, ethylene, and acetylene are hydrocarbon compounds that exist as gases at
standard temperature and pressure (Bruice, 2007). They each have their own unique
smell, and they each display different reaction pathways when subjected to the chemical
reagent. Their differences in reactivity are due to the electronics that exist within each
molecule (Bruice, 2007; Carey, 2007; Fleming, 2009). These differences are apparent
when comparing the types of bonds between the two carbons. The more bonds there are
between two atoms, the more electron density between them, thus they have differences
in electronics. Figure 2.2 presents example syntheses of these compounds being
subjected to the same reaction conditions, but yielding different results. This shows that
even though compounds are very similar in structure and atoms present, there will be
differences in product formation since they possess different chemical properties
individually. It is important to note that ethylene is the simplest alkene, or compound
containing a double bond. Knowing this information leads to the understanding of how
complicated organic reactions can become. As compounds become more complex, the
results of organic reactions also become more complex. This is an important point to
make since petroleum consists of many different organic compounds that range from very
simple to complex molecular structures. In addition, hydrocarbons are not the only type
9

of compounds present in petroleum, and understanding the influences of structure on
reactivity can help with future work in remediation.

Figure 2.2

Example syntheses of ethane, ethylene, and acetylene under the same
reaction conditions

illustrations adapted from Bruice, 2007
Petroleum consists of hydrocarbons that vary in size and molecular weight
(United States Department of Health and Human Services, 1999). Examples of these
hydrocarbons can be described as aliphatic, aromatic, or polycyclic aromatic. This
nomenclature is dependent on the types of atoms present in addition to the geometry
exhibited in the molecule (Bruice, 2007). Nevertheless, no matter how simple or
complex, most of these compounds have adverse effects on the health of surrounding
inhabitants and the environment if consistent exposure occurs (Center for Disease
Control and Prevention, 2014; International Programme on Chemical Safety, 1993).
10

These adverse effects are unique to the particular compound that causes them and will be
explained further throughout the text.
Because of the various organic compounds that may be present in petroleum, this
section will focus its attention on the organic compounds relevant to this research. These
compounds of interest are benzene, toluene, ethyl benzene, xylenes, and methyl tert-butyl
ether (BTEX/ MTBE), which are compounds more commonly found in petroleumcontaminated areas (Bedient, 1999). Their structures can be seen in figure 2.3, and it can
be noted that BTEX are similar in structure. However, these compounds exhibit
dissimilar properties similar to ethane, ethylene, and acetylene previously discussed in
this section. Their differences in physical and chemical properties have a great influence
on how the compounds are metabolized in the body, and how they react in nature.

Benzene

Toluene

Ethyl benzene

m-xylene

p-xylene

o-xylene

O

Methyl tert-butyl ether

Figure 2.3

Illustrations of BTEX/MTBE molecular structures
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Hydrocarbon compounds come in many sizes and shapes, which influence their
chemical and physical properties. Knowing how atoms and bonds influence the
electronics of the molecular structure can also help with identifying possible pathways of
reaction to product formation or working backwards to identify possible starting
reactants. Understanding the relationship between structure and reactivity can help
tremendously in comprehending and predicting reactions, which will also help to
assessing the risk associated with contamination.
2.1.1

Aliphatic Hydrocarbons
When a hydrocarbon compound is referred as aliphatic, it means the compound

being described is straight-chained with single, double, and/or triple bonds present in the
molecular structure (Bruice, 2007 p. 640). In addition, nitrogen, oxygen, sulfur, and
chlorine are commonly found as part of these compounds; however, other elements can
also exist in the molecular structure. The reactivity of these compounds, like all other
compounds, is dependent on electron distribution within the molecule, which can either
be influenced by the type of atoms or the types of bonds present (Carey, 2007; Fleming,
2009). For example, if a more electronegative atom, or an atom that has a high affinity
for electrons, is present within the molecule there will be a higher electron density near
that atom, and a smaller electron density on the other atom bound to the electronegative
one. As in the case of the type of bond, the more bonds there are, such as with a triple
bond, the more electron density there is between those two atoms, which causes that part
of the molecule to be more reactive. The nature of these compounds affects the reactivity
in many different ways, and because of the many possible combinations of atoms for
12

these types of compounds, in-depth explanations of the effects of the structure on
reactivity will be omitted due to the complexities of the topic.
2.1.2

Aromatic Hydrocarbons
An aromatic compound is usually defined as a compound that is planar and cyclic

in structure with delocalized π-electrons (conjugated double bonds), which add to the
overall stability of the compound (Bruice, 2007 p. 640; Carey, 2007 p. 713). Of course,
stability is relative and depends on the conditions to which the compound is subjected,
but overall aromatic compounds have a slight benefit when it comes to stability. This is
because the conjugated double bonds are part of a system in which the electrons are
evenly distributed throughout the ring system, a condition known as resonance. The most
commonly known aromatic compound that exhibits these characteristics is benzene.
Quantitatively, aromatic compounds can be described using Hückel’s rule, where
molecular orbital (MO) theory is used to describe the structure and aromaticity of a
compound (Bruice, 2007 p. 642). The rule states that if a planar cyclic structure has
(4n+2)π electrons, equal to a positive integer, then this compound is aromatic. In
benzene, for example, there are 3 doubles bonds, which contribute to 2 π-electrons each.
This means that there are 6 π-electrons, so when the Hückel equation is set equal to 6, the
n value is a positive integer, which is indicative of aromaticity. Knowing whether a
compound is aromatic or not is very important in terms of understanding the reaction
pathways of these types of compounds because these types of compounds exhibit very
different reactivity patterns than aliphatic compounds.
Aromatic compounds can undergo substitution reactions in which a substituent, or
functional group, is replaced on the ring through different reaction mechanisms. These
13

reaction mechanisms can be utilized to predict the results of synthetic problems, and can
be divided in to four categories: electrophilic, transition metal catalyzed, nucleophilic,
and radical reactions (Carey, 2007 p. 771). These are not the only categories for aromatic
substitutions, but are the most commonly seen for this category of reactions. Being able
to understand, identify, and predict these types of reactions can lead to a better overall
understanding of biodegradation.
2.1.3

Health and Environmental Hazards
Because of the many types of chemical compounds in petroleum, in addition to

their individual properties, the hazards associated with contamination can affect both the
health of inhabitants and the environment. Health impacts are unique to each compound
because of their physical and chemical properties, and how they are metabolized in the
body; however, their common physical property of having a low evaporation temperature
can lead to atmospheric infiltration and environmental damage. The reasoning behind the
differences in health hazards despite their similar structures can be explained using the
previous example of ethane, ethylene, and acetylene in figure 2.2. However, the
complexities of the topic are out of scope of this research (For more fundamental and indepth descriptions of metabolic pathways in humans, and why they occur, the reader can
direct focus on Principles of Biochemistry and The Organic Chemistry of Drug Design
and Drug Action (Nelson, 2008; Silverman, 2004). These textbooks are complementary
in which one contains fundamental concepts of chemistry within the body, while the
other explains how molecular structure influences metabolic pathways in the body.
Benzene is an aromatic compound, and is naturally found in gasoline, crude oil,
and cigarette smoke (Center for Disease Control and Prevention, 2013). Because of its
14

physical properties, it is less dense than water and absorbs through skin; however, the
most common source of exposure is inhalation because of its volatility (International
Programme on Chemical Safety, 1993). Benzene has been linked to many short and longterm health effects. Some effects include dizziness, blurred vision, leukemia,
convulsions, and death (Centers for Disease Control and Prevention, 2013).
Toluene is an aromatic compound similar to benzene except it has an added
functional group called a methyl group (-CH3), which can be seen in figure 2.3.
However, this added methyl group changes not only the physical properties, but also the
reactivity, and thus the way it is metabolized in the body (United States Environmental
Protection Agency, 1994). Inhalation can cause kidney, liver, and heart problems if
exposure is in high concentration, even for a short period of time. Additionally, if
exposure occurs during pregnancy, there can be negative effects towards the fetus.
Ethyl benzene is a colorless liquid used for many chemical processes such as the
development of styrene, and can be found in fuel and other petroleum related materials
like asphalt (Agency for Toxic Substances and Disease Registry (ATSDR), 1999). Acute
exposure can lead to eye and respiratory irritation, shortness of breath, and dizziness. In
a study done with mice, it was found that exposure to this compound through inhalation
led to the development of tumors in the liver and kidneys; however, carcinogenic
properties of this compound are unknown.
Xylenes are isomers of the chemical compound xylene, which are usually found
together in nature if chemical separations were not performed to get a pure form of
xylene (ATSDR, 1993). Found in most laboratories, xylene is a common solvent used in
chemical reactions to produce items such as rubber or paint. Found in gasoline and
15

cigarette smoke, xylenes can cause headaches, nausea, vomiting, and dizziness if acute
exposure occurs. Chronic exposure can lead to irritability, depression, tiredness, and
insomnia.
Used as an additive in gasoline, methyl tert-butyl ether is a colorless liquid that
can cause acute effects such as nausea, sleepiness, and vomiting (ATSDR, 1996). If
exposure over a period of time occurs, one may experience coughing, dizziness,
headache, and the possibility of testicular tumors and leukemia.
Although the health hazards associated with BTEX/MTBE are worrisome, one
must be more aware of how their physical properties can lead to exposure. These
compounds are volatile, which means they evaporate at low temperatures. Because of
this, the risks associated with them can expand to a bigger category where the
environment will be affected through evaporation, and the compounds will infiltrate the
atmosphere (Afifi, 2004). Once this occurs, their flammability leads to a greater risk for
fire and extreme environmental damage.
2.2

Biodegradation
Studies focused on microorganisms’ ability to survive amongst aromatic

hydrocarbons have been occurring since the early 1900s, where the first study by
Söhngen showed microbes utilizing hydrocarbon compounds for energy (Söhngen,
1913). Since then, biodegradation studies on hydrocarbon degradation have increased
exponentially, which has added to the understanding of general degradation pathways
(Gibson, 1984). There are two types of biodegradation reaction pathways: aerobic
degradation and anaerobic degradation. The difference in these types of reactions is
whether or not oxygen is utilized by the microbes to metabolize the organic contaminants
16

present on site. When biodegradation occurs, there are two categories of methods,
specific and nonspecific, that can be utilized for multiple purposes; such as methods in
order to determine the types of compounds present, for example. The difference between
the two is the level of analytical attention given to each method (Gibson, 1984 p. 30).
Aerobic degradation is the process by which a microbial degradation of organic
compounds takes place, but can only occur if oxygen is present for utilization by
microbes (Gibson, 1984). Consumption of oxygen leads to the dispelling of carbon
dioxide and methane as products. Conversely, anaerobic degradation is the microbial
degradation of organic compounds in the absence of oxygen; however the dispelling of
carbon dioxide and methane is the same. The pathways of these reactions are dependent
on the contaminant being consumed, which means there are a multitude of combinations
for conversion. Because of this, the complexities of reaction pathways are out of the
scope of this research. Detailed descriptions of aerobic and anaerobic degradations can be
found in (Gibson, 1984), which contains all research published through 1984 on a
multitude of degradation pathways.
If an analytical approach for characterizing biodegradation is required, research
should be focused on more specific techniques where the structure, biological activity,
and physical properties of the compounds can be determined (These methods are thinlayer chromatography, high-pressure liquid chromatography, ultraviolet-visible
spectroscopy, and mass spectrometry.
A more feasible option for characterizing biodegradation is to use the nonspecific
approach. This is because the approach is quick and applicable on site rather than
requiring laboratory analysis. There are three main measurements than can be done on
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site: biochemical oxygen demand (BOD) chemical oxygen demand (COD) and dissolved
organic carbon (DOC).
BOD measures the consumption of oxygen during biodegradation, which can help
with determining level of biodegradability of the microbial population (Howard, 1975).
This measurement is usually stated as a percentage of theoretical oxygen consumption.
COD can be determined in the place of BOD by oxidizing a sample using potassium
dichromate in 50% sulfuric acid in conjunction with a catalytic amount of silver sulfate
(Pitter, 1976). It measures the decrease in chemical oxygen demand during
biodegradation. DOC measures the decrease in the dissolved organic carbon by using
instruments that measure the concentration of methane and carbon dioxide since these are
the products to which DOCs are converted (Gibson, 1984 p. 31). These methods can be
employed on site, which make them a better option in terms of quickly obtaining the
information needed to draw conclusions.
2.2.1

Bioremediation
As early as 1913, microbes were shown to utilize hydrocarbons for energy

(Söhngen, 1913), and through the years studies have evolved into more applied research
of microbes present in soil and groundwater and their remedial properties (Johnson,
1964; Suflita, 2000). According to Practical Environmental Bioremediation: The Field
Guide by R. Barry King et al., there are three methods for bioremediation treatment.
These treatments are biostimulation, bioaugmentation, and intrinsic treatment, and all are
related to each other in that one treatment is a more intrusive method than the other.
Biostimulation is the act of allowing native microbes to remediate the impacted
area, and aiding in these processes by providing the proper resources for the microbes to
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work (King, 1998 p. 7). If through testing it is determined that biostimulation will not
achieve the required results, bioaugmentation will possibly be employed. In
bioaugmentation, microbes will be added to the impacted area. Lastly, if both
biostimulation and bioaugmentation do not achieve desired results, intrinsic treatment
will be implemented where the contaminants are allowed to degrade naturally over time.
However, in order to know which option is best suited for a particular site, it is essential
to understand degradation pathways as well as bioremedial design.
Bacteria discovered in soil and groundwater were shown to have the unique
capacity to digest petroleum contaminants and convert them in to less harmful products
(King, 1998). This process is known as biodegradation, and has been used for a variety
of applications, with the most prevalent being the mitigation of petroleum contamination.
This field of research encompasses a number of lines of inquiry including the fate of
hydrocarbons in soil, which has led to the proposal of specific carbon transformations,
and potential soil-hydrocarbon interactions (Stroud, 2007). These studies have
contributed to an improved understanding of biodegradation as well as bioremediation,
and there are a multitude of other pathways that have been taken to maximize processes.
However, because of the large volume of bioremedial strategies, the aforementioned
strategies were only cited as examples.
Concentrations of benzene, found in soil and groundwater samples collected
beneath a manufacturing facility, were observed to decrease over time (Davis, 1994;
Johnson, 2003). To determine whether the decreased concentrations were due to physical
processes or biodegradation processes, samples were taken and subjected to analysis.
The authors concluded that biodegradation was the responsible mechanism because the
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measured dissolved oxygen content decreased over time, in addition to the conversion of
electron acceptors, via redox reactions, present on site. Furthermore, the biodegradation
occurred in the presence and absence of oxygen, which could create many pathways for
research regarding this subject. This is because researchers can utilize the reaction
pathways in order to develop laboratory strategies to speed up processes and make
bioremediation more efficient. For example, research on the interactions of iron in clay
with indigenous microbes were studied (Kuhn, 2012). These interactions were anaerobic
processes because oxygen was not required for degradation to take place; however, the
researchers found that the energy barrier for the reaction to take place was too high to
occur on its own, so this research group employed the use of siderophores, or iron
chelators, to push the reaction forward. In addition, other research groups pumped pure
oxygen in to samples, via hydrogen peroxide, to take advantage of aerobic processes
(Davis, 1994).
2.2.2

Retardation factor
Overall, the retardation factor determines how the soil affects the flow of

contaminants relative to the flow of groundwater, since certain types of soils can affect
the flow of contaminants through molecular interactions (Koestel, 2012). Quantitatively,
the retardation factor is determined by completing flow experiments in a laboratory
setting, or it can be calculated using modeling software (Bouwer, 1991; Li, 1997). When
calculated, it gives an indication of how far contaminants have migrated, or how far they
can go over time. This will give a better idea of how the soil and sediment affect the
movement of contaminants, and how much of a decrease of concentration in groundwater
can be contributed to biodegradation. Since retardation factor is a ratio of the distance of
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contaminants traveled versus the distance of groundwater traveled, a higher number
calculated for this factor indicates a faster flow of contaminants with little adsorption to
ground material.
Mathematically, retardation factor can be calculated using the formula:
R= 1 + (ρ k)/ θ

(2.1)

where R is defined as the retardation factor. This equation is derived from the
convection-dispersion model employed by Hoffman and coworkers in addition to Jardine
(Hoffman 1980; Jardine, 1992). The variable ρ is the porous medium bulk density, k is
an empirical distribution coefficient (mL/g), and θ is the volumetric water content.
2.2.3

Biodegradation rate
As microbes metabolize hydrocarbons in soil and groundwater, the rate of

degradation is dependent on the rate of contaminant movement, and assimilative capacity
of the soil material on site. This rate can be determined by calculating the rate of the
biodegradation reaction using 1st order kinetics (United States Environmental Protection
Agency, 2002). The United States Environmental Protection Agency published a wellwritten article on the use of first-order rate constants for studying natural attenuation. In
the article, three types of first-order rate attenuation constants were described
(concentration versus time, concentration versus distance, and biodegradation constant).
The previous citation provides the information regarding this subject, as well as the
relevant data analysis to determine these constants.
Determination of the biodegradation rate constant can be achieved by performing
tracer tests on site and graphing contaminant transport versus tracer transport. The slope
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of the line is the biodegradation constant, and is usually expressed in inverse years. In
addition, the employment of a solute transport model can also calculate biodegradation
rate based on field data. Also, calculations of biodegradation rate can be achieved by
using laboratory methods (Baker, 2000; Cho, 2013; Oya, 1998). The information
gathered from these calculations can help estimate the concentration of contaminants
being consumed, and a possible time when all of the contaminants will be fully
consumed.
2.3

BIOSCREEN
Developed by Groundwater Services, Inc. for the Air Force Center for

Environmental Excellence Technology Transfer Division at Brooks Air Force Base,
BIOSCREEN is a useful tool for modeling remediation through natural attenuation,
where it can simulate dispersion, advection, adsorption, and aerobic/anaerobic reactions
(Newell, 1997). Based on the Domenico analytical transport model, this software was
programmed in Microsoft® Excel which makes it easy to use and compatible with any
computer that has Microsoft® Office. Within the software is automatic conversion of
units of measurement, which increases applicability to field work and decreases time
used for analysis. Comparable software, like BIOPLUME III, can somewhat achieve the
same results as BIOSCREEN; however, it does not use the Domenico Model for analysis.
Although this software is free to use and easy to download from the internet, there were
some limitations to its use for this research.
BIOSCREEN includes three model types that can simulate aerobic and anaerobic
biodegradation processes. Features of this software include the ability to calculate mass
flux of contaminants and to convert kilogram to gallons in order to give a volume to the
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Actual Plume Mass. BIOPLUME II and III, use the instantaneous reaction superposition
method for calculations, rather than the Domenico Model, where the instantaneous
reaction is dependent on the amount of oxygen available for biodegradation to occur
(Ollila, 1996). There are a few comparative studies of BIOSCREEN versus BIOPLUME,
and it was found that BIOSCREEN gave more accurate results by using the Domenico
model for calculations (Nevin, 1997; Ollila, 1996; Rifai, 1997). However, BIOPLUME
seems to have more features and animations to help with analysis of the contaminated
site. Eventually, it would be interesting to see BIOSCREEN incorporate more features as
well.
BIOSCREEN is able to determine to biodegradation of BTEX on a contaminated
site. However, it is unable to determine biodegradation of MTBE. Since MTBE can be
just as prevalent on a petroleum-contaminated site as BTEX, it is important to also know
how natural attenuation will eventually degrade this compound. There are some studies
focused on using BIOSCREEN for calculating biodegradation of MTBE that give
somewhat accurate results, but laboratory analysis shows that there are still some slight
discrepancies, and conclusions do not give a sure indication that the method could be
employed (Wilson, 1999). Nevertheless, since BIOSCREEN is free and easy to use, it is
a better option for modeling natural attenuation.
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CHAPTER III
PROBLEM STATEMENT

3.1

Problem Statement
In Montpelier, Indiana, a petroleum release was discovered in March 1994 after a

backfill sample was found to contain concentrations of BTEX/MTBE. Since MTBE is an
additive in gasoline, it was concluded that the release was a result of a gasoline
underground storage tank leak. The volume of contaminants released is unknown. Since
data suggest that biodegradation is occurring on site, it is of interest to determine if
allowing natural attenuation is a feasible option.
3.1.1

Hypothesis
Using retardation and biodegradation rate calculated by BIOSCREEN, the rate of

flow of contaminants and the rate of metabolic conversion will document that natural
attenuation via microbial degradation is occurring on site.
3.1.2

Objectives
BIOSCREEN will be used for
1. Calculation of retardation factor to determine the flow of contaminants
relative to groundwater flow.
2. Calculation of biodegradation rate to determine if natural attenuation will
give an idea of the rate at which the microbes on site are metabolizing
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BTEX/MTBE, and if that rate is appropriate allow natural attenuation,
intrinsic bioremediation, to be the main source of remediation.
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CHAPTER IV
METHODOLOGY

4.1

Data Collection
In November 1993, Jim Allen Maintenance, Inc. collected six soils samples for an

underground storage tank (UST) closure report. Of those six soil samples, the backfill
sample was found to contain levels of total petroleum hydrocarbons (TPH) exceeding the
Indiana Department of Environmental Management (IDEM) action level of 100 ppm.
Three 6,000-gallon (22,712.47 L) gasoline USTs and one 550-gallon (2081.98 L)
unregistered UST were removed, in addition to the backfill, and three fiberglass
reinforced plastic USTs were installed in their place.
During the initial site characterization employed by Creek Run in 2003, soil
borings were drilled using a truck-mounted Geoprobe, and soil samples were collected in
four foot increments using a hydraulically-driven, stainless steel sampling tube equipped
with a clear, co-polyester liner. Ten soil borings (SB-5 through SB-14) were drilled to a
depth of 16 to 20 feet (4.88 – 6.10 m) below grade. Figure 4.1 shows the locations of all
soil borings on site, and boring logs can be seen in Appendix B. After soil samples were
collected, soil borings were backfilled with granular bentonite.
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Locations of Soil Borings in Montpelier, Indiana

(Map used with permission, Creek Run L.L.C. Environmental Engineering)

Figure 4.1
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Eleven monitor wells were installed, and construction diagrams for the
monitoring wells can be seen in Appendix B. All were equipped with locking well caps
and protected by flush mounted protected assembly. Depths of wells were in the range of
13.5-16.18 feet below grade, and they were constructed with 10 feet of two-inch
diameter, factory slotted, 0.01-inch PVC screen. The annular space from bottom to one
to three feet above the screen interval was filled with sand, and bentonite was placed
above the sand pack approximately one foot of depth below the top of the riser.
Before collecting groundwater samples, three well volumes of water were purged
from each well, and samples were collected in to a disposable bailer and cooled to 39.2 oF
(4 oC) in an ice-filled cooler. Samples from wells MW-1 through MW-3 were sent to
Severn Trent Laboratories, while samples from MW-4 through MW-11 were sent to Pace
Analytical®. Monitor wells 12-16 and EW-1, OEW-1, TP-1, and TP-2 sample analysis
locations were not specified by Creek Run. All samples were analyzed for BTEX and
MTBE and the results can be seen in tables 4.1-4.20.
In addition, natural attenuation parameters were measured on site by Creek Run,
the data can be seen in tables 4.21-4.37. Additionally, the dissolved oxygen content of
the wells was also measured on site. Dissolved oxygen, oxidation/reduction potential, and
temperature were all measured using an Oakton pH 10 series meter equipped with a DO
meter and a platinum ORP electrode. Specific conductivity and pH measurements were
measured using an Oakton pH/conductivity 10 series meter. Hydrogen sulfide was
measured with a CHEMets kit and ferrous iron concentrations were measured with a
LaMotte Iron Ferric/Ferrous test kit.

28

Table 4.1

Elevations and Analytical Results for Monitoring Well 1
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Table 4.2

Elevations and Analytical Results for Monitoring Well 2
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Table 4.3

Elevations and Analytical Results for Monitoring Well 3
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Table 4.4

Elevations and Analytical Results for Monitoring Well 4
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Table 4.5

Elevations and Analytical Results for Monitoring Well 5
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Table 4.6

Elevations and Analytical Results for Monitoring Well 6
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Table 4.7

Elevations and Analytical Results for Monitoring Well 7
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Table 4.8

Elevations and Analytical Results for Monitoring Well 8
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Table 4.9

Elevations and Analytical Results for Monitoring Well 9
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Table 4.10

Elevations and Analytical Results for Monitoring Well 10
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Table 4.11

Elevations and Analytical Results for Monitoring Well 11
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Table 4.12

Elevations and Analytical Results for Monitoring Well 12
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Table 4.13

Elevations and Analytical Results for Monitoring Well 13
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Table 4.14

Elevations and Analytical Results for Monitoring Well 14
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Table 4.15

Elevations and Analytical Results for Monitoring Well 15

Table 4.16

Elevations and Analytical Results for Monitoring Well 16
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Table 4.17

Elevations and Analytical Results for Monitoring Well EW-1
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Table 4.18

Elevations and Analytical Results for Monitoring Well OEW-1

45

Table 4.19

Elevations and Analytical Results for Monitoring Well TP-1
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Table 4.20

Elevations and Analytical Results for Monitoring Well TP-2

In addition, natural attenuation parameters were measured on site by Creek Run,
the data can be seen in tables 4.21-4.37. Additionally, the dissolved oxygen content of
the wells was also measured on site. Dissolved oxygen, oxidation/reduction potential, and
temperature were all measured using an Oakton pH 10 series meter equipped with a DO
meter and a platinum ORP electrode. Specific conductivity and pH measurements were
measured using an Oakton pH/conductivity 10 series meter. Hydrogen sulfide was
measured with a CHEMets kit and ferrous iron concentrations were measured with a
LaMotte Iron Ferric/Ferrous test kit.
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Table 4.21

Natural Attenuation Parameters for Monitor Well 1

Table 4.22

Natural Attenuation Parameters for Monitor Well 2

Table 4.23

Natural Attenuation Parameters for Monitor Well 3

Table 4.24

Natural Attenuation Parameters for Monitor Well 4
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Table 4.25

Natural Attenuation Parameters for Monitor Well 5

Table 4.26

Natural Attenuation Parameters for Monitor Well 6

Table 4.27

Natural Attenuation Parameters for Monitor Well 7

Table 4.28

Natural Attenuation Parameters for Monitor Well 8

Table 4.29

Natural Attenuation Parameters for Monitor Well 9

Table 4.30

Natural Attenuation Parameters for Monitor Well 10
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Table 4.31

Natural Attenuation Parameters for Monitor Well 11

Table 4.32

Natural Attenuation Parameters for Monitor Well 12

Table 4.33

Natural Attenuation Parameters for Monitor Well 13

Table 4.34

Natural Attenuation Parameters for Monitor Well 14
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Table 4.35

Natural Attenuation Parameters for Monitor Well 15

Table 4.36

Natural Attenuation Parameters for Monitor Well 16

Table 4.37

Natural Attenuation Parameters for Monitor Well OEW-1
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Table 4.38
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Dissolved Oxygen Content in Monitor Wells

Analysis of monitor wells showed that MW-1, MW-2, MW-4, MW-5, MW-7,
MW-10, MW-11, and MW-12 were non-impacted based on the concentrations of
BTEX/MTBE being below detection limit. In addition, although the electron acceptors
show variations, which are indicative of biodegradation, the great variations lie with the
dissolved oxygen content. These data suggest that aerobic degradation is the dominating
pathway for degradation of BTEX/MTBE.
4.2

Analysis Using BIOSCREEN
Using BIOSCREEN, data were input in to the Excel file and pre-programmed

calculations gave output data to aid in analysis of natural attenuation on site. The
following section describes how data were input, and what steps were necessary to
achieve results. Figure 4.2 shows the input screen where data were inserted.

Figure 4.2

BIOSCREEN Input Screen
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For data input, white boxes are for data input/calculation output, gray boxes are
calculated values done by BIOSCREEN or another place for data input, and black boxes
are boxes that cannot be altered. An advantage of BIOSCREEN is that both the white
boxes and the gray boxes can be used to input data, so if a specific variable is unknown,
the gray boxes can be used to input known variables and BIOSCREEN will calculate the
value of the white box. Variables needed for the analysis of a site are seepage velocity
(ft/yr), longitudinal/transverse/vertical dispersivities (ft), retardation factor,
biodegradation rate (per year), length of area, width of area, and a simulation time.
Seepage velocity is the velocity that can be calculated using Darcy’s Law, which
is
v= Ki/ηe

(4.1)

where v is the linear velocity, K is the proportionality constant (cm/s), i is the gradient,
and ηe is the effective porosity (Domenico, 1998). Because Creek Run calculated the
linear groundwater flow velocity to be approximately 5.26 x 10-6 to 5.26 x 10-3 m/yr, this
value was converted to the units ft/yr (1.73 x 10-5 to 1.73 x 10-2 ft/yr). The average of the
range was taken and input in to the appropriate box. As a note, calculations were done
using the English system, but metric equivalents will be provided.
Longitudinal dispersivity, transverse dispersivity, and vertical dispersivity, which
are the estimated spread of contaminants on site, were calculated by BIOSCREEN by
using estimated plume length. This value was measured by using the map provided by
Creek Run (figure 2.1), and finding the length from the source to the furthest
contaminated monitor well.
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Retardation factor was the variable needed for section 3, so soil bulk density
(kg/L), partition coefficient (L/kg), and fraction organic carbon (FOC) were input into the
spreadsheet. These values were previously calculated based on soil type, and can be
found in literature (Weidemeier, 1995; United States Department of Agriculture, 2015).
Source thickness of saturated zone was calculated by BIOSCREEN after width
(ft) and concentration (mg/L) were input in to the spreadsheet. Width was measured by
using the map provided by Creek Run (figure 2.1) to estimate the width of the plume by
measuring the widest distance between impacted wells, and concentration (mg/L) was
taken from the measured value of benzene at widest point of the estimated plume.
Simulation time was set to 1000 years, because BIOSCREEN would not give an output
for any values less than this. Concentrations of BTEX components were reported in parts
per billion by Creek Run, so those values were converted to mg/L so that they could be
input in to the spreadsheet (table 4.40). However, BIOSCREEN uses BTEX
concentrations for calculations instead of individual concentration, so each concentration
at the particular distance from source is the sum of benzene, toluene, ethylbenzene, and
xylenes; table 4.40. These concentrations were determined by correlating the distance
from the source with a monitor well, and subsequently the concentrations at that
particular well. All input data can be seen in table 4.39.
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Table 4.39

Input Data for BIOSCREEN Excel Spreadsheet
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Table 4.40

Sum of Benzene, Toluene, Ethylbenzene, and Xylenes in ppb and mg/L
BTEX (ppb)

mg/L

Date Measured

MW-1

21

0.021

1/14/14

MW-2

NS-1

NS-1

1/14/14

MW-3

21

0.021

1/14/14

MW-4

18.4

0.0184

1/14/14

MW-5

21

0.021

1/14/14

MW-6

21

0.021

1/14/14

MW-7

NS-1

NS-1

1/14/14

MW-8

NS-1

NS-1

1/14/14

MW-9

NS-1

NS-1

1/14/14

MW-10

NS-1

NS-1

1/14/14

MW-11

21

0.021

1/14/14

MW-12

NS-1

NS-1

1/14/14

MW-13

NS-1

NS-1

1/14/14

MW-14

NS-1

NS-1

1/14/14

MW-15

21

0.021

1/14/14

MW-16

116.8

0.1168

1/14/14

EW-1

NS-1

NS-1

1/14/14

OEW-1

21

0.021

1/14/14

TP-1

21

0.021

1/14/14

TP-2

NS-1

NS-1

1/14/14
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CHAPTER V
RESULTS AND DISCUSSION

The calculations employed by BIOSCREEN were ultimately used to determine
retardation factor and biodegradation rate. Both were calculated by the programmed
equations in the spreadsheet, and those values in addition to the complete spreadsheet,
can be seen in figure 5.1. The small retardation rate value indicated that there was
adsorption of organic contaminants occurring on the ground material. This is a positive
result because it indicates that the flow of contaminants was less than the groundwater
flow, and there will not be contamination into the sensitive areas around the site. In
addition, the input of the solute half-life led to the spreadsheet calculation of 1st order
biodegradation rate to be 4.6 per year, which is an indication that there was a fair amount
of biodegradation occurring to impede the flow of contaminants on site.
After calculating the entire spreadsheet to obtain a simulation of the site’s natural
attenuation, it was determined that after 1000 years, contamination would be almost
completely gone and biodegradation would remove 0.1 kg of mass from 2000 kg starting
mass (figures 5.2 and 5.3). Unfortunately, the limitation of BIOSCREEN to only allow
1000 years for simulation does not give a clear picture of how natural attenuation would
occur through the years. In addition, the mass 0.1 kg degraded through biodegradation
seems like an extremely small number for a 1000 year simulation. However, the main
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reason for using this software was to determine retardation factor and biodegradation
rate, and both of those values were calculated.
After retardation factor and biodegradation rate were determined to be appropriate
values that would allow natural attenuation to occur on site, it can be concluded that the
appropriate action on site would be to let intrinsic bioremediation continue to occur
without interference, and no further action is needed.
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Figure 5.1
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BIOSCREEN Input Spreadsheet

Figure 5.2
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Dissolved Hydrocarbon Concentration Along Plume Centerline (mg/L)

Figure 5.3
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Output Screen on BIOSCREEN Showing 1st Order Decay Model

CHAPTER VI
CONCLUSION

Petroleum contamination is most commonly caused the slow release of
contaminants from underground storage tanks. Because of their health and
environmental hazards, BTEX/MTBE compounds pose a threat to sensitive areas around
a site that may have experienced contamination. Proper action must be taken to ensure
the exposure to these contaminants does not occur.
In Montpelier, Indiana, Creek Run L.L.C Environmental Engineering was
contracted by Jay Petroleum to complete an initial site characterization of an impacted
area around Pak-A-Sak #5. From March 2003-August 2003, boring samples were taken
and monitor wells were put in to place to determine if the flow of contaminants was a
threat to inhabitants by infiltrating drinking water. It was determined, after natural
attenuation parameters were measured, that biodegradation was occurring on site; more
prevalently aerobic degradation was taking place
BIOSCREEN was utilized to calculate retardation factor and biodegradation rate
in order to determine the rate of contaminants relative to groundwater flow, and to
determine if natural attenuation occurring on site was appropriate to allow it to continue.
Retardation factor was calculated to be 1.4, which is indicative of adsorption occurring
on ground material, and biodegradation rate was calculated to be 4.6 per year. The
adsorption of the contaminants in addition to the biodegradation rate of 4.6 per year
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indicates that intrinsic remediation is an appropriate plan of action for this site, and no
further action is needed.
Limitations for this research were far from few. Data received from Creek Run
L.L.C Environmental Engineering had many measurements below detection limit, which
made it difficult to understand what had been occurring on site by an outsider. In
addition, many of these values that were below detection limit, or not measured at all
were at impacted monitor wells. This could be problematic in terms of the overall results
of this research. Also since BIOSCREEN was unable to calculate below 1000 years,
there could not be a simulation for a timeline closer to modern time. Although the
desired values were calculated, it would have been a nice touch to include a simulation.
For future work, one may find this site useful in microbial studies. It seemed as
though there was a large span of land that had biodegradation occurring, and this could be
a microbiologist’s dream. Although Creek Run has since gotten approval to close this
site for monitoring, someone may still find this area useful for research.
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APPENDIX A
MONITOR WELL CONSTRUCTION DIAGRAMS, BORING LOGS, AND SLUG
TESTS
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A.1

Monitor- Well Diagrams and Boring Logs

Figure A.1

Monitoring Well Construction Diagram for MW-2
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Figure A.2

Monitoring Well Construction Diagram for MW-3
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Figure A.3

Monitoring Well Construction Diagram for MW-4
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Figure A.4

Monitoring Well Construction Diagram for MW-5
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Figure A.5

Monitoring Well Construction Diagram for MW-6
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Figure A.6

Monitoring Well Construction Diagram for MW-7
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Figure A.7

Monitoring Well Construction Diagram for MW-8
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Figure A.8

Monitoring Well Construction Diagram for MW-9
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Figure A.9

Monitoring Well Construction Diagram for MW-10
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Figure A.10 Monitoring Well Construction Diagram for MW-11
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Figure A.11 Monitoring Well Construction Diagram for MW-12
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Figure A.12 Monitoring Well Construction Diagram for MW-13
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Figure A.13 Monitoring Well Construction Diagram for MW-14
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Figure A.14 Monitoring Well Construction Diagram for MW-15
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Figure A.15 Monitoring Well Construction Diagram for MW-16
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Figure A.16 Monitoring Well Construction Diagram for EW-1
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Figure A.17 Monitoring Well Construction Diagram for OEW-1
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A.2

Slug Tests

Normalized Head (ft/ft)

1.

0.1

0.

800.

1.6E+3

2.4E+3

3.2E+3

4.0E+3

Time (sec)
WELL TEST ANALYSIS
Data Set: C:\Users\stat021.CRENET\Desktop\MW-6 10-7-11.aqt
Date: 01/02/13
Time: 13:17:27
PROJECT INFORMATION
Company: Creek Run LLC
Client: Jay Petroleum
Project: 1
Location: 204 E Huntington, Montpelier
Test Well: MW-6
Test Date: 10-7-11
AQUIFER DATA
Saturated Thickness: 8. ft

Anisotropy Ratio (Kz/Kr): 1.
WELL DATA (MW-6)

Initial Displacement: 2.48 ft
Total Well Penetration Depth: 13.45 ft
Casing Radius: 0.083 ft

Static Water Column Height: 8.65 ft
Screen Length: 10. ft
Well Radius: 0.083 ft
SOLUTION

Aquifer Model: Unconfined

Solution Method: Bouwer-Rice

K = 0.00492 ft/day

y0 = 2.242 ft

Figure A.18 Slug Test for Monitoring Well 6
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Displacement (ft)

1.

0.1

0.01

0.

100.

200.

300.

400.

500.

Time (sec)
WELL TEST ANALYSIS
Data Set: G:\Jay Petroleum\Montpelier\204 E. Huntington Rd\AquiferTests\MW-9 1-9-13.aqt
Date: 01/16/13
Time: 09:32:21
PROJECT INFORMATION
Company: Creek Run LLC
Client: Jay Petroleum
Location: 204 E Huntington Rd.
Test Well: MW-9
Test Date: 1-9-13
AQUIFER DATA
Saturated Thickness: 4.06 ft

Anisotropy Ratio (Kz/Kr): 1.
WELL DATA (MW-9)

Initial Displacement: 0.5 ft
Total Well Penetration Depth: 15.61 ft
Casing Radius: 0.083 ft

Static Water Column Height: 11.55 ft
Screen Length: 10. ft
Well Radius: 0.083 ft
Gravel Pack Porosity: 0.
SOLUTION

Aquifer Model: Unconfined

Solution Method: Bouwer-Rice

K = 2.764 ft/day

y0 = 0.4952 ft

Figure A.19 Slug Test Data for Monitoring Well 9
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Figure A.19 (continued)
90

Figure A.19 (continued)
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Displacement (ft)

10.

1.

0.

4.0E+3

8.0E+3

1.2E+4

1.6E+4

2.0E+4

Time (sec)
WELL TEST ANALYSIS
Data Set:
Date: 01/16/13

Time: 11:44:34
PROJECT INFORMATION

Company: Creek Run LLC
Client: Jay Petroleum
Location: 204 E Huntington Rd.
Test Well: MW-11
Test Date: 1-9-13
AQUIFER DATA
Saturated Thickness: 5.66 ft

Anisotropy Ratio (Kz/Kr): 1.
WELL DATA (New Well)

Initial Displacement: 1.18 ft
Total Well Penetration Depth: 15.47 ft
Casing Radius: 0.083 ft

Static Water Column Height: 9.91 ft
Screen Length: 10. ft
Well Radius: 0.083 ft
Gravel Pack Porosity: 0.
SOLUTION

Aquifer Model: Unconfined

Solution Method: Bouwer-Rice

K = 0.0009762 ft/day

y0 = 2.673 ft

Figure A.20 Slug Test Data for Monitoring Well 11
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Figure A.20 (continued)
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Displacement (ft)

1.

0.1

0.01

0.

120.

240.

360.

480.

600.

Time (sec)
WELL TEST ANALYSIS
Data Set: G:\Jay Petroleum\Montpelier\204 E. Huntington Rd\AquiferTests\MW-16 1-9-13.aqt
Date: 01/16/13
Time: 12:53:12
PROJECT INFORMATION
Company: Creek Run LLC
Client: Jay Petroleum
Location: 204 E Huntington Rd.
Test Well: MW-16
Test Date: 1-9-13
AQUIFER DATA
Saturated Thickness: 4.19 ft

Anisotropy Ratio (Kz/Kr): 1.
WELL DATA (MW-16)

Initial Displacement: 0.3 ft
Total Well Penetration Depth: 15.89 ft
Casing Radius: 0.083 ft

Static Water Column Height: 11.72 ft
Screen Length: 10. ft
Well Radius: 0.083 ft
Gravel Pack Porosity: 0.
SOLUTION

Aquifer Model: Unconfined

Solution Method: Bouwer-Rice

K = 1.623 ft/day

y0 = 0.3056 ft

Figure A.21 Slug Test Data for Monitoring Well 16
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Figure A.21 (continued)
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Figure A.21 (continued)
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